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Off -eu tec t i c  compositions of Bi-Mn were d i r e c t i o n a l l y  s o l i d i f i e d  i n  
a p p l i e d  t r a n s v e r s e  magnetic f i e l d s  up t o  3 kG, t o  determine t h e  effects on 
thermal and s o l u t a l  convection. Plane f r o n t  d i r e c t i o n a l  s o l i d i f i c a t i o n  of 

e u t e c t i c  and n e a r - e u t e c t i c  Bi-Mn results i n  a two-phase rod - l ike  morphology 
c o n s i s t i n g  of ferromagnetic.MnBi rods i n  a B i  s o l i d  s o l u t i o n  mat r ix .  
Compositions on either sirls o f  t h e  eutectic were s t u d i e d  i n  grout! 

o r i e n t a t i o n s  v e r t i c a l l y  up and down. 
dur ing  growth by means of an in-s i tu thermocouple .  

Temperature g rad ien t  was monitored 

For Bi-rich compositions,  t h e  magnetic f i e l d  appeared t o  i n c r e a s e  mixing 
as determined from thermal, morphological, chemical, and magnet ic  a n a l y s i s .  
For Mn-rich composi t ions,  morphological and chemical a n a l y s e s  sugges t  some 
reduc t ion  i n  mixing due t o  a p p l i c a t i o n  of t h e  magnet ic  f i e l d .  Conduct iv i ty  
g r a d i e n t s  i n  t h e  melt are suggested a s  a poss ib l e  mechanism for  the  observed 
r e s u l t s  

The c a p a b i l i t y  f o r  ca r ry ing  out d i r e c t i o n a l  s o l i d i f i c a t i o n  of  Bi-Mn i n  
4 

high  l o n g i t u d i n a l  magnetic f i e l d s  was es tabl ished.  

a long the  growth d i r e c t i o n  of a e u t e c t i c  Bi/MnBi sample, grown a t  a rate of 

0.5 cm/h i n  l o n g i t u d i n a l  f i e l d s  up t o  40 kG, showed evidence of a l i g n e d  rod 

growth occur r ing  for  f i e l d  s t r e n g t h s  of 16-18 kG. 

A c ross - sec t iona l  p o l i s h  

i i i  
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1 .  INTRODUCTION AND BACKGROUND 

The mic ros t ruc tu re  of d i r e c t i o n a l l y  so l id i f ied  e u t e c t i c  and n e a r - e u t e c t i c  
Bi-Mn is c h a r a c t e r i z e d  by two-phase growth wi th  an  a l i g n e d  rod morphology, the  

primary phase being B i  so l id  s o l u t i o n  and the secondary phase a f e r r m a g n e t i c  
i n t e r m e t a l l i c  compound of MnBi rods. F igure .1  shows the r eg ion  of i n t e r e s t  i n  
t he  Bi-Mn phase diagram. 

which are dependent on growth r a t e ,  degree of convect ion p resen t  i n  melt, and 
temperature g rad ien t  provide parameters t o  c h a r a c t e r i z e  the growth (Ref 1 ) .  

Addi t iona l ly ,  t h e  equ i l ib r ium phase of MnBi e x h i b i t s  s t r o n g  ferromagnetism 
dependent on rod diameter and in t e r rod  spac ing  t h u s  providing an  a d d i t i o n a l  
parameter w i t h  which t o  cha rac t e r i ze  growth cond i t ions  (Ref 2 and 3 ) .  

Rod diameter, i n t e r r o d  spac ing  and rod alignment 

Thermal and s o l u t a l  convection can occur i n  t he  melt du r ing  v e r t i c a l  
Bridgman crystal growth i n  the presence . .  of' an  a c c e l e r a t i o n  f i e l d ,  i .e.,  
g r a v i t a t i o n a l  and/or  spin-induced (Ref 4 and 5). 
9)  have ind ica t ed  t h a t  growth i n  a low-g environment (10-4ge) produces a 
decrease  i n  MnBi rod diameter, i n t e r rod  spac ing  and s o l i d i f i c a t i o n  
temperature ,  and a l so  enhances magnetic properties. Other s t u d i e s  have shown 

Previous s t u d i e s  (Ref 6 t o  

tha t  under c e r t a i n  growth condi t ions  a s ta t ic ,  uniform magnetic f i e l d  can also 
i n h i b i t  thermal convect ion (Ref 10 t o  12) .  I n  t he  first-year e f for t  of t h e  

"Thermal and S o l u t a l  Convection Damping Using an  Applied Magnetic F ie ld"  

program (NAS8-349221, Bridgman-Stockbarger v e r t i c a l  d i r e c t i o n a l  s o l i d i f i c a t i o n  
of e u t e c t i c  Bi-Mn i n  t r a n s v e r s e  magnetic f i e l d s  up t o  3 kC r e s u l t e d  i n  samples 
tha t  showed remarkable s i m i l a r i t i e s  t o  low-g growth a t  30 cm/h and 50 cm/h 
(Ref 13 and 1 4 ) .  A t  s o l i d i f i c a t i o n  v e l o c i t i e s  below 3 cm/h, a 3 kC magnetic 
f i e l d  had l i t t l e ,  i f  any, e f f e c t  on sample morphology, and the  Lorentz  
f o r c e ,  
e u t e c t i c  system resulted i n  slower convect ive flow. 
supported by a theoretical f l u i d  flow s tudy  by Wilcox e t  a1 (Ref 15). S o l u t a l  
convect ion may be a s i g n i f i c a n t ' f a c t o r  i n  the lower growth ra te  r e g i o n  (V 6 3 
cm/h) and the  o b j e c t i v e s  of the present  s tudy  were t o :  

(9; x i), would i n d i c a t e  t h a t  the lower growth rates i n  the Bi-Mn 
T h i s  con ten t ion  is a l s o  

o Determine the  effect of magnetic f i e l d s  on s o l u t a l  i n s t a b i l i t i e s  
dur ing  directional s o l i d i f i c a t i o n  

o Develop the technology and i n i t i a t e  s t u d i e s  f o r  d i r e c t i o n a l  
s o l i d i f i c a t i o n  i n  h igh  magnetic f i e l d s  ( 3  kG 5 B 6 40 kC) .  

1 
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For the  first o b j e c t i v e ,  o f f - e u t e c t i c  compositions of Bi-Mn were 
d i r e c t i o n a l l y  s o l i d i f i e d  v e r t i c a l l y  up and down ( a n t i - p a r a l l e l  and p a r a l l e l  t o  
t h e  g r a v i t y  v e c t o r )  i n  t r a n s v e r s e ,  s ta t ic  magnetic f i e l d s  up t o  3 kG. 

melt can either be s o l u t a l l y  s t a b l e  or uns t ab le ,  depending on choice of 

enriched species (Mn or B i )  and growth o r i e n t a t i o n  (up o r  down). 
lower f l u i d  d e n s i t y  than  B i  and so i n  Bi-rich composi t ions,  s o l u t e  r e j e c t i o n  
a t  t h e  i n t e r f a c e  r e s u l t s  i;.l enrichment of the  l i q u i d  layer i n  f r o n t  of t h e  

i n t e r f a c e  w i t h  Mn. Thus,  for v e r t i c a l  upward s o l i d i f i c a t i o n ,  the  melt is 
so lu t a l ly  uns t ab le  (thermally s table) .  Downward s o l i d i f i c a t i o n  produces a 
s o l u t a l l y  s tab le  bu t  thermal ly  uns tab le  melt. A Mn-rich composition would 
result i n  the  inve r se  s o l u t a l  s t a b i l i t y  cond i t ion  s i n c e  B i  is rejected a t  t he  

i n t e r f a c e  (thermal s t a b i l i t y  would be  i d e n t i c a l  t o  the Bi-rich case). 
a d d i t i o n ,  p rev ious  s t u d i e s  (Ref 7 and 9) have shown t h a t  macrosegregat ion i n  
o f f - e u t e c t i c  Bi-Mn d i r e c t i o n a l  s o l i d i f i c a t i o n  follows a c o n s t i t u t i o n a l  
supercool ing  c r i t e r i o n  for  t h e  Bi-rich compositions a l though t h e  Mn-rich 
compositions show an enhanced s t a b i l i t y  r e g i o n  over t ha t  pred ic ted  by Mollard 
and Flemings (Ref 16). The condi t ion for  no c o n s t i t u t i o n a l  supercool ing  was 
given by t h e  l a t t e r  as ,  

The 

Mn has  a 

I n  

1 

f o r  two phase growth (Co > kCE). 

growth rate; m = slope of  l i qu idus ;  CE = e u t e c t i c  composition; Cs = s o l i d  

composition a t  the  i n t e r f a c e ;  D = d i f f u s i v i t y  of Mn i n  the melt, taken a s  2 x 

Here, GL = thermal g r a d i e n t  i n  t h e  melt; V = 

cm2/s and k = r a t i o  of s o l u t e  concen t r a t ion  i n  t h e  melt t o  s o l u t e  
concen t r a t ion  i n  t he  s o l i d  a t  t h e  i n t e r f a c e .  
phase and t h e  s t a b i l i t y  c r i t e r i o n  would be t h a t  of T i l l e r  e t  a1 (Ref 17):  

For Co < kCE, growth is  s i n g l e  

CL/V L mCo( l -k /k ) /D  

I n  t h e  p resen t  s t u d y ,  f o r  compositions fa r  from t h e  e u t e c t i c  (0 .2 .w/0  Mn and 
1.5 w/o Mn) the  g rad ien t  of c o n s t i t u t i o n a l  supercool ing ,  CL/V,  was made large 

( 2 6 ~ 1 0 ~  OC-s/cm ) t o  i n su re  cooperative growth. 

t h e  e u t e c t i c  (0.56 w/o Mn and 0.86 w/o Mn), the CL/V r a t i o  was reduced (-3x10 

OC-s/cm2) i n  an at tempt  t o  observe any e f f e c t  t h a t  t he  magnetic f i e l d  might 

have on c o n s t i t u t i o n a l  supercooling. 

2 For compositions c l o s e r  t o  
4 

3 



? The second o b j e c t i v e  (h igh  f i e l d  d i r e c t i o n a l  s o l i d i f i c a t i o n )  required 

mod i f i ca t ions  t o  t h e  ADSF CE fu rnace  t o  conform t o  the  dimension r e s t r i c t i o n s  

of the bore of t h e  1OL magnet a t  t he  F ranc i s  Bi t ter  Nat iona l  Magnet Laboratory a! 
where the experiment was performed. 
d i r e c t i o n a l l y  s o l i d i f i e d  i n  a v e r t i c a l  upward o r i e n t a t i o n  a t  speeds of 0.5 

cm/h and 1 cm/h wi th  a f i e l d  sweep ra te  of 400 Oe/min t o  a maximum f i e l d  of 40 

kC fo r  each growth r a t e .  

Eutectic Bi-Mn (w/o Mn = 0.72) was I 

1 

f 

i 
I 

. .  

4 



'? 

z . *.. 
. ., , .- 

. .  

. -' 
I ,  

.. ~ 

2. EXPERIMENTAL PROCEDURES 

Bi-Mn alloy samples were prepared us ing  commercially pwe Mn (99.9%) and 
high p u r i t y  B i  (99.999%) wi th  hypoeutect ic  bulk compositions of 0.2*0.06 w/o 
Mn and 0.52*0.04 w/o Mn, and hype reu tec t i c  composi t ions of 0 .86a .05  Mn and 
1.5k0.1 w/o'Mn. The c o n s t i t u e n t  elements were melted together i n  a n  evacuated 

to r r )  high p u r i t y  q u a r t z  c ruc ib l e  (1.0 cm i n n e r  diameter) above 446 OC, 

t he  temperature a t  which :.he s to i ch iomet r i c  compound MnBi forms. 
electromagnetically stirred for 8 h to  ensure  homogenization. Each of these 
s t a r t i n g  samples w a s  then  remelted in a specially designed, evacuated q u a r t z  
c r u c i b l e  (0.4 cm inne r  diameter) and d i r e c t i o n a l l y  so l id i f ied  (see Fig. 2). 

The melt w a s  

S o l i d i f i c a t i o n  was performed both parallel  (down) and a n t i - p a r a l l e l  (up) 
with respect t o  the d i r e c t i o n  of grav i ty .  
t he  0.52 w/o Mn and 0.86 w/o hn samples, 525 OC for the  0.2 w/o Mn and 1.5 w/o 
Mn samples. 
t he  melt t o  determine magnetic e f f e c t s  OQ higher thermal g rad ien t  growth. 

D i r e c t i o n a l  s o l i d i f i c a t i o n  w a s  performed us ing  t h e  Bridgman-Stockbarger method 

Melt temperatures-were 450 OC for  

Addi t iona l ly ,  two samples of 0.2 w/o Mn were set a t  600 OC i n  

i n  t he  automatic d i r e c t i o n a l  s o l i d i f . i c a t i o n  fu rnace  (ADSF) appara tus  b u i l t  by 

General Electric. The furnace  praduced a very c o n t r o l l e d  and u n i d i r e c t i o n a l  
thermal g r a d i e n t  near  the adiabatic or  i n s u l a t i n g  zone as shown i n  F ig .  3. 
Th i s  zone was located between a hot zone composed of nichrome h e a t i n g  elements 
and a cont inuously f lu id-cooled  copper quench b lock  cold zone. The fu rnace  
assembly t r a n s l a t e d ' a b o u t  the s t a t i o n a r y  qua r t z  sample c ruc ib l e .  
c r u c i b l e s  were instrumented with a s i n g l e  i n - s i t u ,  chromel-alumel thermocouple 
sheathed i n  M g O  i n s u l a t i o n  and s t a i n l e s s  steel .  The thermocouple sheath was 
0.025 cm wi th  a thermal conduct iv i ty  v e r y  close t o  tha t  of l i q u i d  Bi. The 

presence of t he  thermocouple probe d id  no t  appear t o  pe r tu rb  t h e  

s o l i d i f i c a t i o n  process ing  either through chemical contamination or  heat 
t r a n s f e r .  Thermocouple temperatures  were recorded us ing  a D i g i t a l  MINC-I1  

The sample 

minicomputer, and t h e  thermal gradien ts  were ob ta ined  from temperature v s  time 
p r o f i l e s .  The f i e l d  s t r e n g t h  between the pole f a c e s  was c a l i b r a t e d  t o  
determine uniformity.  
was used t o  measure f i e l d  s t r e n g t h  vs c u r r e n t  and vo l t age  w i t h  and without the 

fu rnace  assembly present .  The furnace,  c o n s i s t i n g  l a r g e l y  of non-magnetic 
material, had n e g l i g i b l e  e f f e c t  on f i e l d  uniformity.  Any ferromagnet ic  parts 

were fa r  enough from t h e  pole f aces  not t o  d i s t u r b  f i e l d  s t r e n g t h  or shape 

A Hall probe with a model D855 Dyna-Empire gaussmeter 
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(Ref 18). Figure 4 is a photograph of t he  furnace/magnet appa ra tus  used i n  
t he  s tudy .  

Selected samples were m e t a l l o g r a p h i c a l l y  examined t r a n s v e r s e  and 
l o n g i t u d i n a l  t o  t h e  s o l i d i f i c a t i o n  d i r e c t i o n  u s i n g  s t a n d a r d  a b r a s i v e  p o l i s h i n g  
techniques.  Q u a n t i t a t i v e  i n t e r r o d  and rod diameter s p a c i n g s  were determined 
on selected reg ions  u s i n g  a Lei tz  particle-size a n a l y s i s  technique .  Bulk Mn 
c o n c e n t r a t i o n  and MnBi volame f r a c t i o n  were determined on some samples us ing  
magnetic property c o r r e l a t i o n s  developed i n  previous s t u d i e s  (Ref 2 and 3 ) .  
Magnetization measurements were carried o u t  on small (0 .4  - 0.8 gm) 

cyl iqdrical  samples a t  t h e  F ranc i s  Bitter Na t iona l  Magnet Laboratory i n  
Cambridge, Massachusetts,  u s i n g  a low-frequency v i b r a t i n g  sample magnetometer. 
The sample's were o r i e n t e d  w i t h  the long  r o d  a x i s  ( easy  a x i s  of  magnet izat ion)  
paral le l  t o  t h e  f i e l d  d i r e c t i o n  and s u b j e c t e d  t o  f ie lds  up t o  230 kG for  
de t e rmina t ion  of i n t r i n s i c  coerciv. i ty .  The t r a n s i t i o n  from aligned, 

cooperat ive growth of t h e  MnBi rods  t o  non-aligned, c e l l u l a r  or d e n d r i t i c  
s t r u c t u r e  was found t o  be a c c u r a t e l y  monitored by n o t i n g  a n  ab rup t  decrease i n  
both remanent magnetization and i n t r i n s i c  c o e r c i v i t y .  Mn c o n c e n t r a t i o n  was 

a l s o  determined by wet chemical a n a l y s i s  u s ing  plasma emission spectroscopy.  

S o l i d i f i c a t i o n  of e u t e c t i c  Bi-Mn i n  l o n g i t u d i n a l  ( p a r a l l e l  t o  growth 
d i r e c t i o n )  magnetic f i e l d s  of up t o  40 kG was carried out a t  t h e  F r a n c i s  
Bitter Nat iona l  Magnet Laboratory on the  1OL magnet. The mounting f i x t u r e  o f  
t h e  ADSF General Electric fu rnace  was modif ied t o  f i t  w i t h i n  t h e  10-inch bore  
of the  magnet. The fu rnace  was pos i t i oned  such  t h a t  t h e  sample, (which 

remains s t a t i o n a r y  while  t h e  f u r n a c e / c h i l l  block t r a n s l a t e s )  was l o c a t e d  i n  
t h e  c e n t e r  of the bo re  a long  t h e  a x i s .  
Magnet Laboratory on t h e  1 O L  magnet on f i e l d  uniformity showed that  the  sample 

should be wi th in  1% of the s e t  f i e l d .  Furnace v e l o c i t y  was 0.5 cm/h f o r  t h e  

f i r s t  half  of the sample then  1.0 cm/h f o r  t h e  remainder. For each v e l o c i t y  
t h e  l o n g i t u d i n a l  magnetic f i e l d  was swept  from 0 kG t o  '40 kG and back t o  0 kC 

i n  200 minutes t o t a l  time ( l i n e a r  v a r i a t i o n ) .  An i n - s i t u  thermocouple l o c a t e d  
1-inch from the  bottom of t h e  Bi-Mn e u t e c t i c  sample provided thermal 

information during t h e  experiment which was recorded on a D i g i t a l  MINC-I1 
m i  n i corn pu t e r . 

C a l i b r a t i o n  data from the Nat ional  

8 
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3 .  RESULTS AND DISCUSSION 

I '  

- 1 .  .. 
. ... 

Since  the  components of the Bi-Mn melt are conduct ive,  an  e x t e r n a l l y  
imposed, cons t an t  magnetic f i e l d  w i l l  i n t e r a c t  w i t h  t h e  f l u i d  flow genera ted  
i n  the melt through the  Lorentz  force.  The Lorentz  f o r c e  is propor t iona l  t o  
the  c u r r e n t  d e n s i t y ,  where 

- - 
Here (I = electrical conduc t iv i ty ;  E = electr ic  f i e l d  = 0 fo r  t h i s  case; v = 

f l u i d  v e l o c i t y ;  and B = magnetic f lux.  Thus the magnetic f i e l d  se rves  t o  
redirect t h e  flow f i e l d  via  the  cross-product berm. Magnetic suppress ion  of 
t u r b u l e n t  flow has been well documented (Ref 10 and 1 1 ) .  

- 

I t  is use fu l  t o  d e f i n e  s e v e r a l  dimensionless  q u a n t i t i e s  t o  c h a r a c t e r i z e  
the  melt and the  i n t e r a c t i o n  of the  Lorentz  f o r c e  on t h e  flow. The magnetic 
f o r c e  dominates the l i q u i d  v i s c o s i t y  when t.he Hartmann number, M H a  where 

is large compared t o  un i ty .  Here L = characteristic l eng th  and v = 

v i s c o s i t y .  
correspondLng t o  the  sample diameter.  

I n  these c a l c u l a t i o n s ,  t h e  characteristic l e n g t h  chosen was 0.4 cm 
A p l o t  of the Hartmann number ve r sus  

magnetic f l u x  for  B i  is given i n  Fig. 5 f o r  two melt temperaures and d i s p l a y s  
a weak temperature  dependence. Thus, f o r  t he  f i e l d  range we are o p e r a t i n g  i n  
(1.6 5 B 5 kG) ,  the  magnetic e f f e c t s  dominate l i q u i d  v i s c o s i t y .  

1::. 
I_: 1 

1 :. ; 
1. 1 

_ I  

Another parameter of i n t e r e s t  is t h e  Rayleigh number, NRA,  which is the  

ra t io .of  bouyancy f o r c e  t o  v iscous  f o r c e  and p rov ides  an i n d i c a t i o n  of 
tu rbulence  onse t .  I t  is def ined  a s  

!. L. 

:,- . 
. .  - , . .  

3 2 NRA = L BgATc' p/u KL ( 3 )  

where B = c o e f f i c i e n t  of thermal expansion; g = a c c e l e r a t i o n  of g r a v i t y ;  AT = 
, I  

TL temperature  d i f f e r e n t i a l ;  c '  = s p e c i f i c  heat;  p = v i s c o s i t y  of melt; v = 

kinematic  v i s c o s i t y ;  KL = thermal conduct iv i ty .  
of N R A  w i th  temperature  f o r  B i .  

Turbulence f o r  similar b u t  larger geometries has  been shown bo occur fo r  NRA 

Figure 6 shows t h e  v a r i a t i o n  
For NRA > > 1 ,  convection e f f e c t s  dominate. 

-0 
1 1' . 
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-lo5 (Ref 10 and 1 1 ) .  

one might then  expect tu rbu lence  effects t o  occur  for  va lues  for  NRA > lo5. 

F igure  6 shows that Bi-Mn should have N R A  beneath t h i s  va lue  f o r  the 

process ing  condi t ions  used. Thus,  laminar  flow should predominate. 

I n  small diameter samples such as the s i z e  under s tudy ,  

L a s t l y ,  t h e  Lykoudis number NLy, provides  a comparison of t he  magnetic 
body force t o  i n e r t i a l  and bouyancy forces: 

B2a E 1/2 (?I I2 
1 /2 

I- 

*LY = $m’ (“Gi) (4) 

where NCR - Crashof number. 
number is p l o t t e d  ve r sus  B i  temperature i n  F ig .  7 for  s e v e r a l  values  of 

magnetic f lux .  As t h e  melt approaches t h e  s o l i d i f i c a t i o n  temperature, the 

effect of t h e  magnetic f i e l d  inc reases  s u b s t a n t i a l l y  (bouyancy forces are 
weaker). 
s t r o n g e r )  a t  a melt temperature of around 400 OC whereas the I kC f i e l d  ba re ly  

exceeds u n i t y  even a t  270 OC, very Close t o  t h e  s o l i d i f i c a t i o n  temperature of 
e u t e c t i c  Bi-MnBi (265.1 O C ) .  

and 1 4 1 ,  an appl ied  t r a n s v e r s e  magnetic f i e l d  reduced thermally d r iven  
convect ive f l u i d  flow such that t he  r e s u l t a n t  morphology closely resembled 
low-g growth. 
r e d i s t r i b u t i o n  a t  t h e  mol t - so l id  interface w i l l  be shown t o  undergo a s t r o n g  
i n t e r a c t i o n  w i t h  the t r a n s v e r s e  magnetic f i e l d .  

Here, p - d e n s i t y  of l i q u i d  B i .  The Lykoudis 

Note a130 t ha t  the 3 kG f i e l d  exceeds u n i t y  (magnetic f o r c e  

In  a previous s tudy  of e u t e c t i c  Bi-Mn (Ref 13 

I n  t h e  c u r r e n t  s tudy  of o f f - e u t e c t i c  Bi-Mn, the solute  

3.1 BI-RICH SAMPLES 

3.1.1 Composition A (0.2 w/o Mn) 

Table 1 shows the r e s u l t i n g  s o l i d i f i c a t i o n  parameters f o r  B i - r i ch  

samples. Macrosegregation curves  f o r  composition A samples show d e n d r i t i c ,  or  
c e l l u l a r ,  s t r u c t u r e  f o r  t h e  f i rs t  part of t h e  growth, t r a n s i t i o n i n g  t o  
coopera t ive  growth l a t e  i n  the sample due t o  t h e  low amounts of Mn p r e s e n t ,  
shown i n  F i g .  8a and 8b. Although i t  appears tha t  t h e  samples grown w i t h  an  
imposed magnetic f i e l d  of 3 kG t r a n s i t i o n e d  t o  coopera t ive  growth sooner  than 
their  counterpar t s  grown a t  B - 0 kG, t he  ear l ier  t r a n s i t i o n  can probably  be 

a t t r i b u t e d  t o  t h e  higher s t a r t i n g  Mn concent ra t ion  f o r  these samples as  can be 

seen from Table 2. 

1 4  
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Sample w/o Mn 

A1 0.119 
A2 0.129 
A3 0.224 
A4 0.197 
A6 0.26(est.) 
A7 0.26(est .) 

61 0.55 
62 0.50 
63 0.59 
63-3 0.53 
63-2. 0.49 
64 0.48 

~01-32114110 
A87-3246-021G 

Table 1 Solidification Characteristics of Bi-rich Samples 

Growth Growth Field 
Rate (cm/h) Direction Strength (kG] 

0.73 UP 0 
0.72 down 0 
0.82 UP 3 
0.81 down 3 
0.7(est.) up 3 
0.7(est .) UP 3 

10(est.) UP 0 
9.34 down 0 
8.9 . UP 3 

10.12 UP 2.4 
10.54 UP 1.6 
10(est .) down 3 

16 

7.9 x 105 
8.5 x 105 
4.4 x .105 
7.1 105 
7.7 x 105(e~t.) 

3.9 x 104(e~t.) 
4.4 x 104 
3.2 104 

2.8 x lo4 

7.7 x 105(est.) 

- 

- 
- 
- 
- 
- 
- 

2.00 
2.56 
0.46 
0.94 
1.23 
0.8i 

! 

a: 
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Table 2 MnBi Mean Rod Diameters and lnterrod Spacings for Selected Samples of 
Composition 0.52 w/o Mn 

Sample Bld - B2d - B3d - B4d - 
Fraction solidified, f 0 .-48 0.48 0.58 0.61 
Mean rod diameter 0.612 f 0.179 0.595 f 0.176 0.68 f 0.188 0.574 f 0.174 
Mean interrod spacing 2.854 f 0.873 3.129 f 0.869 3.173 f 0.872 2.452 f 0.779 
Growth Up, 8 = 0  kG Down, 8=0 kG Up, B = 3  kG Down, 8=3 kG 
R873211412G 
R87-3246422G 

i 

i 



A p l o t  of thermal g rad ien t  versus  sample temperature is  shown i n  F ig .  9a 
and 9b for  samples A1 through A4. 
right ( tempera ture  g r a d i e n t  i n  t h e  melt) t o  l e f t  ( tempera ture  g r a d i e n t  i n  t h e  

s o l i d ) .  The r e g i o n  between these two g rad ien t  p l a t e a u s  is the  s o l i d i f i c a t i o n  
zone. I t  is d i f f i c u l t  t o  s p e c i f y  a s o l i d i f i c a t i o n  tempera ture  f o r  these 
samples s i n c e  t h e  s o l i d i f i c a t i o n  zone is rather wide (260 OC-270 OC). 

small o s c i l l a t i o n s  i n  temprature g rad ien t  can be a t t r i b u t e d  t o  unsteady 
fu rnace  motion (Ref 19) .  There is no morphological evidence however, t h a t  the 

osci l la t ions observed i n  t h e  thermal data affected t h e  growth of t h e  samples: 

no banding could be detected i n  long i tud ina l  c ros s - sec t ions  of  these samples 

and m i c r o s t r u c t u r a l  changes were wi th in  experimental  e r r o r .  Note t h a t  i n  t h e  

thermal g r a d i e n t  curves  samples A 3  and A4, grown with t h e  imposed magnetic 
f i e l d ,  show reduced thermal g r a d i e n t s  over  samples A1 and A2 which were grown 
without  a n  a p p l i e d  magnetic f i e l d .  Tha t  t h i s  is evidence of mixing is n o t  
clear s i n c e  i t  a l so  occurred i n  t h e  Mn-rich samples whose macrosegregat ion 
T e s u l t s  i n d i c a t e d  reduced mixing. Thus, r e s u l t s  appear somewhat 
inconclus ive .  However, an  important  d i f f e rence  is seen  i n  the  samples grown 
from a melt of 600 OC. 

S o l i d i f i c a t i o n  i n  these p lo t s  progresses from 

The 

Samples A6 and A7 were grown w i t h  very high thermal g r a d i e n t s  and 
morphological examination of long i tud ina l  c ros s - sec t ions  of these samples 
showed s i g n i f i c a n t  d i f f e r e n c e s  i n  t r a n s i t i o n i n g  from d e n d r i t i c  t o  coopera t ive  
growth. A s  seen  i n  Fig.  10, t h e  t r a n s i t i o n  r e g i o n  i n  sample A 7  grown w i t h  an  
imposed 3 kG t r a n s v e r s e  magnetic f i e l d  shows larger d i s tu rbances  i n  rod 

o r i e n t a t i o n  compared w i t h  t ha t  of A6 (B 5 0 kC). 

3.1.2 Compositlon B (0.52 w/o)Mn)  

Thermal g rad ien t  vs temperature curves f o r  these samples a r e  shown i n  
Fig. 1 1 .  I n  comparison t o  composition A ,  the r e s u l t s  of c m p o s i t i o n  B showed 

a c l e a n e r  t r a n s i t i o n  from melt t o  s o l i d .  Although melt temperatures were 
chosen a t  450 OC f o r  a l l  cases, the thermal g r a d i e n t s  aga in  d i f f e r e d  

cons iderably  between t h e  samples grown w i t h  and without  an a p p l i e d  3 kG 
t r a n s v e r s e  magnetic f i e l d .  I n  these samples, however, t h e  composition 
p r o f i l e s  show s i g n i f i c a n t  macr0segregati.m d i f f e r e n c e s  for  sampies B1 through 
B4 shown i n  Fig.  12a and 12b.  If we ana lyze  the macrosegregation cu rves  us ing  
s t agnan t  f i l m  a n a l y s i s  as i n  Burton e t  a1 (Ref 20), a q u a n t i t a t i v e  d e s c r i p t i o n  
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of the  macrosegregation can be obtained for  o f f - e u t e c t i c  growth us ing  t h e  

formula t ion  of Verhoeven e t  a1 (Ref 21) .  I n  t h i s  model, the  average s o l i d  

composition, 
closed system: 

- 
Cs, is described as a func t ion  of f r a c t i o n  s o l i d i f i e d ,  f ,  f o r  a 

where p6 = 6 / ( D L / V )  and DL = l i q u i d  d i f f u s i v i t y  (assumed t o  be Z X ~ O - ~  cm2/s 
f o r  the  Bi-Mn compositions of i n t e r e s t  and V - growth rate. 6 is the de f ined  
s t agnan t  f i l m  l e n g t h  i n s i d e  of which t r a n s p o r t  i s  assumed t o  be d i f f u s i o n  
con t ro l l ed .  
s o l u t i o n  f o r  p6, a higher degree of convect ion,  lower p6, w a s  observed f o r  
oamples grown both up and down with t h e  3 kC t r a n s v e r s e  app l i ed  magnetic f i e l d  

than  without  an a p p l i e d  f i e l d .  Q u a n t i t a t i v e  morphological a n a l y s i s  of rod  
diameter on selected samples (Table 2)  shows d i f f e r e n c e s  but these are wi th in  
experimental  e r r o r s .  
t r a n s v e r s e  magnetic f i e l d  on mix ing  is demonstrated i n  Fig.  ! 3 vhich shovs 

macrosegregation cur;ves f o r  B samples grown upward in d i f f e r e n t  a p p l i e d  

magnetic f i e l d s .  

F i t t i n g  t h i s  equat ion  t o  t he  t es t  r e s u l t s  us ing  a graphical 

A clear demonstration of the e f f e c t  of t h e  imposed 

As the f i e l d  strength decreases, a corresponding i n c r e a s e  i n  
p6 is  observed (cf ., Table 11, indicati 'ng reduced mixing. 

3.2 Mn-RICH SAMPLES 

3.2.1 Composition D (0.86 w/o Mn) 

Samples i n  t h i s  .group had a s i g n i f i c a n t l y  d i f f e r e n t  r e a c t i o n  t o  the  

imposed t r a n s v e r s e  magnetic f i e l d  than the  Bi-rich case. 
one would expect MnBi dendr i t e s  t o  s o l i d i f y  f i rs t ,  t h e  sample t r a n s i t i o n i n g  t o  
two-phase coopera t ive  growth as  CL ( s o l u t e  concen t r a t ion  i n  the  melt) 
approaches the e u t e c t i c .  
cases, MnBi d e n d r i t e s  grew and apparent ly  separated from t h e  i n t e r f a c e  
f r e e z i n g  in t h e  middle  t o  t o p  par t  of t h e  sample. 
and 23)  have not observed t h e  e f f e c t  of d e n d r i t e  s epa ra t ion  and f l o a t i n g .  
Dendri te  s e p a r a t i o n  can poss ib ly  be a t t r i b u t e d  t o  unsteady furnace  motion. 
sudden decrease i n  furnace  motion can cause meltback of the i n t e r f a c e  (Ref 24) 

t h a t  may result  i n  s e p a r a t i o n  of the MnBi dendr i t e s  from t he i r  s o l i d i f i e d  

For Mn-rich growth, 

In s t ead ,  i n  t he  growth up o r i e n t a t i o n  of t h e  Mn-rich 

Previous s t u d i e s  (Ref 22 

A 

pos i t i ons .  For growth parallel  t o  g rav i ty  
d e n d r i t e s  were pinned a t  t h e  i n t e r f a c e  and 

25 

(downward), however, t h e  MnBi 
growth proceeded as  expected. 



L B = 3.0 kG 

- r  o 1.6 kG, p6 = 1.23 
o 2.4 kG, pb = 0.94 
A 3.0 kG, p6 = 0.46 
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Fraction Solidified 

R87-324841SG 
R87-32114070 

' Fig. 13 Longitudinal Composition Profiles for 0.52 wlo Mn Samples 
Showing Variation Obtained in Macroregregation with 
Different Applied Magnetic Field Strengths 
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Thermal r e s u l t s  for  a l l  composition D samples showed, as i n  previous samples, 
suppressed thermal g r a d i e n t s  as a r e s u l t  of the  t r a n s v e r s e  magnetic f i e l d  

(Fig.  14) .  The growth down macrosegregation curves  i n  Fig. 15 show tha t  

sample D4 (cf ., Table 31, grown w i t h  the a p p l i e d  t r a n s v e r s e  magnetic f i e l d ,  

had a higher pi3 than  sample D2 (no  magnetic f i e l d ;  0.77 vs 0.36) and,  
therefore, lower mixing, i n  c o n t r a s t  t o  the r e s u l t s  ob ta ined  wi th  the Bi-rich 

composition B samples. 

Table 4 compares the  morphology of selected regions for composition D 

samples. Di f fe rences  i n  rod diameter and i n t e r r o d  spac ing  gene ra l ly  f e l l  

wi th in  experimental  error except ing  the i n t e r r o d  spac ing  of sample D 4  (down, B 

= 3 kC) which d isp layed  r educ t ion  over D2 (down, B - 0 kG) i n d i c a t i v e  of 
decreased convect ion (Ref 15) and i n  agreement w i t h  t h e  macrosegregation 
r e s u l t s  for  these two samples. 

Although t h e  thermal data in Fig. 1 4  exhibited a decreased thermal 
g r a d i e n t  f o r  D 4  over D2, no change i n  undercooling could be detected i n  t h e  

data as in t he  case of the Bi-rich (0.52 w/o Mn) samples where a s h i f t  towards 
reduced undercooling ( increased  convection) is observed (F ig .  8) with  

a p p l i c a t i o n  of the 3 kG magnetic f i e l d .  
i n d i c a t e ,  on the con t r a ry ,  an  increase  i n  undercool ing (decreased convection) 
i f  we apply  a Hunt-Jackson t y p e  model (Ref 25) f o r  rod e u t e c t i c  growth 

r e l a t i n g  i n t e r f a c e  undercooling, AT, t o  mean growth v e l o c i t y ,  V,  and i n t e r r o d  
spac ing  by 

The i n t e r r o d  spac ing  results f o r  D4 

AT - AVA + B/A (6) 

which i n d i c a t e s  t ha t  a decrease i n  interrod spac ing  occurs  wi th  an inc rease  i n  
undercooling. 

3.2.2 Composition E (1.5 w/O Mn) 

Table 2 shows s o l i d i f i c a t i o n  da ta  f o r  composition E samples. Samples El  

and E3 displayed similar behavior t o  composition D samples (growth up)  where 
MnBi d e n d r i t e s  separated from t h e  interface and f r o z e  i n t o  t h e  upper par t  of 
t h e  sample. 
t h i s .  

l o n g i t u d i n a l  c ross -sec t ion ing  and t h e  macrosegregation data,  shown i n  Fig. 16b, 

The macrosegregation curve fo r  E l ,  shown in Fig.  16a,  suppor t s  
I n  E3 (up ,  B = 3 kG),  however, even though a morphological examination of 
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? . -. 

Sample w/o Mn 

Dl 0.92 
02 0.89 
03 0.78 
04 0.83 

El 1.46 
E3 1 A8 

R87al1413Q 
R87-3248023 

Table 3 Solidification Characteristics of Mn-rich Samples 

Growth Growth Field GN 
Rate (cm/h) Direction Strength (kG) lo Cdcm*) I!! 

10.9 UP 0 3.3 x 104 
0 2.3 x 104 0.36 
3 .2.3 x 104(est.) - lqest.) UP 

lqest.) 'down 3 3.2 x 104(est.) 0.77 

0.78 UP 0 7.4 x 105 
0.7 UP 3 8.2 x ioS(e~t.) 

- 
10.4 down 

- - 
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Table 4 MnBi Mean R o d  Diameters and lnterrod Spacings for Selected Samples of 
Composition 0.86 w/o Mn , 

Sample Dle* - D2d - D3d - D4d 

Fraction solidified 0.80 0.45 0.50 0.48 
Mean rod diameter 0.458 f 0.156 0.786 f 0.216 0.607 f 0.178 0.643 f 0.183 
Mean interrod spacing 1.853 f 0.65 3.48f 1.13 . 2.52 f 0.79 2.52 f 0.83 
Growth Up, B=O kG Down, B=O kG Up, B=3 kG Down, B=3 kG 

*Sample had many dendrites present - not included in statistics 
R87-3211M4G 
R87-32480240 
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Fig. 16 Longitudinal Composition Profiles for 1.5 w/o Mn Samples Growth Up with and 
without an Applied Transverse Magnetic Field 
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shows a higher concen t r a t ion  of dendr i tes  i n  the upper pa r t  of the sample 
(bouyancy effect) , there is s i g n i f i c a n t l y  more uni formi ty  i n  d i s t r i b u t i o n  of 
d e n d r i t e s  in E3 t h a n  i n  El (B = 0 kG). 
showed more uniform a l i g m e n t  (see Fig. 17).  

Furthermore,  the d e n d r i t e s  i n  E3 

3.3 H i g h - f  i e l d  E u t e c t i c  Growth 

The ADSF GE furnace  was modified t o  f i t  the core of t h e  1OL magnet at  the 

F ranc i s  Bitter Nat iona l  Magnet Laboratory. An important  f e a t u r e  of t h e  fu rnace  
is t h a t  wi th  t he  melt a t  450 OC, t he  e x t e r n a l  walls are only  s l i g h t l y  above 
room temperature.  
overhea t ing .  

This  i n s u r e s  that  no damage occurs  t o  t h e  magnet due t o  

A theoretical s t u d y  of Bridgman-Stockbarger s o l i d i f i c a t i o n  i n  
l o n g i t u d i n a l  magnetic f i e l d s  (Ref 26) i n d i c a t e d  that  extreme high f ie lds  can 
cause mass t r a n s p o r t  a t  t he  melt-solid i n t e r f a c e  t o  become h igh ly  non-uniform 
and tha t  specific growth condi t ions  and material would determine an  optimum 
f i e l d  a t  which mass t r a n s p o r t  would be n e a r l y  uniform a c r o s s  the i n t e r f a c e .  
A s  an i n i t i a l  look a t  t h i s  problem,'dne e u t e c t i c  sample of Bi/MnBi (sample C 1 )  

w a s  s o l i d i f i e d  us ing  the condi t ions  specified i n  the experimental  s e c t i o n .  I n  
a pre l iminary  analysis of t h e  r e s u l t i n g  growth, a l o n g i t u d i n a l  c ross -sec t ion  
of t h e  sample r evea led  that the  1 c d h  v e l o c i t y  appeared r e l a t i v e l y  unaf fec ted  
by t h e  magnetic f i e l d  sweep from 0-40 kG. 

the  sample) had a r e a c t i o n  a t  t h e  16-18 kG l e v e l .  
cm/h r e s u l t s  i n  MnBi platelet  growth (Ref 27) with random o r i e n t a t i o n s .  
these f ie lds ,  however, there was c l ea r  rod  e u t e c t i c  growth (see Fig. 181, 

whereas other f i e l d  values  produced no d i s c e r n i b l e  MnBi growth. 
fur ther  s t u d y  of t h i s  sample is t r ansve r se  c ros s - sec t iona l  examination of rod 
diameter and i n t e r r o d  spac ing  per f i e l d  value fo r  t h e  1 cm/h reg ion .  

The 0.5 cm/h r eg ion  ( f i rs t  half of 

Normal 1-g growth a t  0.5 
A t  

I nd ica t ed  f o r  
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4. SUMMARY Bi-Mn STUDY 

The Bi-rich samfiles (compositions A and B) samples showed clear 
i n d i c a t i o n s  of increased  mixing due t o  t h e  a p p l i c a t i o n  of a t r a n s v e r s e  
magnetic f i e l d ,  i r r e s p e c t i v e  of growth d i r e c t i o n ,  The Mn-rich melts e x h i b i t e d  
the inve r se  t r e n d ,  where the transverse magnetic f i e l d  appeared t o  i n h i b i t  
convect ion r e s u l t i n g  i n  samples wi th  greater uniformity of s o l u t e  
d i s t r i b u t i o n ,  a l though the  data sampling was somewhat l i m i t e d .  The parameter 
of t he  s o l i d i f i c a t i o n  process t h a t  is r e spons ib l e  for  t h i s  i n t e r a c t i o n  with 

the t r a n s v e r s e  a p p l i e d  magnetic f i e l d  may be f l u i d  flow phenomena, 
conduc t iv i ty  a n i s o t r o p i e s  or a combination of both. 
28 and 29) t h a t  Mn i n  an a l loy  melt c o n t r i b u t e s  one e l e c t r o n  per  atom towards 

l i q u i d  conduc t iv i t i e s .  
a l l o y s  of Mn-Te, Mn-Sn, Mn-In and Mn-Sb, increased  concen t r a t ions  of Man 
decreased conduc t iv i ty  of t h e  l i qu id .  
tha t  B i  has an e f f e c t i v e  l i q u i d  conduct iv i ty  of f i v e  electrons per  atom (Ref 

30). Moreover, one might a n t i c i p a t e  similar l i q u i d  conduc t iv i ty  behavior i n  
Bi-Mn al loys as  has been observed in.Mn-Sb, i.e., Bi-rich melts would be more 

It has been observed (Ref 

I n  these s t u d i e s ,  it was also found that i n  l i q u i d  

By comparison it has been determined 

- 

conductive.  S ince  the  Lorentz f o r c e  is d i r e c t l y  p ropor t iona l  t o  the 

conduc t iv i ty  i n  t h e  melt (Eq 1 1 ,  conductive a n i s o t r o p i e s  ( v i z . ,  B i  or Mn 
enr iched  s o l u t e  a t  the  i n t e r f a c e  due t o  s o l u t e  r e j e c t i o n )  may be q u i t e  
s i g n i f i c a n t  , 

The c a p a b i l i t y  for  d i r e c t i o n a l  s o l i d i f i c a t i o n  of  Bi-Mn i n  h igh  

l o n g i t u d i n a l  magnetic f i e l d s  has been es tab l i shed .  

grown up a t  0.5 cm/h i n  a magnetic f i e l d  swept  from 0 t o  40 kC i n  100 min. 
showed, i n  l o n g i t u d i n a l  c ross -sec t ion ,  a l igned  rod  growth a t  t ' ield va lues  of 
16-18 kG. Growth a t  1 cm/h of e u t e c t i c  Bi-Mn under t h e  same cond i t ions  showed 

no evidence of the magnetic f i e l d  a f f e c t i n g  growth behavior from examination 
by l o n g i t u d i n a l  c ross -sec t ion ing .  

A eutectic sample of Bi-Mn 
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